ABSTRACT Broilers selected for increased body size and breast muscle have imposed stress on the skeletal system, resulting in poorer walking ability. Our objectives were to determine the relationship between bone mineralization and gait score in 4 crosses of commercial broilers and to ascertain if mineralization of the toe is correlated to the tibia. Three chickens per pen each with good (gait score of 0 or 1) or poorer (gait score of 3) walking ability were killed and weighed. The left humerus, the left middle toe, and both drumsticks were collected for determination of bone mineral density (BMD), bone mineral content, and bone size traits using dual-energy x-ray absorptiometry. The BMD and bone size traits were similar among the 4 crosses of commercial broilers at 6 wk of age. However, gait scores differed among genotypes, with cross C having better gait scores than crosses A and B, but did not differ from cross D. The bone mineral content and bone size traits did not differ between birds with good walking ability as compared with those broilers of poorer walking ability. However, birds with poorer walking ability had higher BMD (P < 0.05) and BW (P < 0.001) than males with good walking ability. Within a cross, the correlation between gait score and BMD was not significant except for cross D birds. Broilers of cross D with better walking ability had decreased bone mineralization (r = 0.19, P = 0.03). The stronger correlation between gait score and BW for all crosses of commercial broilers (r = 0.38, P < 0.0001) suggests that the low association between gait score and bone mineralization for cross D was mainly due to BW. The BMD of the left toe was correlated to the BMD of the left tibia (r = 0.91, P < 0.0001) and right tibia (r = 0.87, P < 0.0001). In conclusion, bone mineralization was similar among crosses of meat-type chickens, and it had little influence on the gait score of male broilers.
INTRODUCTION
Domesticated meat-type poultry genetically selected for increased body size and greater breast muscle deposition impose stress on the skeletal system, resulting in poorer walking ability and increased incidence of lameness (Venalainen et al., 2006) . Leg abnormalities cause bird pain and discomfort (Danbury et al., 2000) and those broilers with severe lameness have limited access to the feeders and drinkers, causing emaciation and dehydration.
Gait scoring was introduced by Kestin et al. (1992) as a method to measure the walking ability of broilers and was further modified by Garner et al. (2002) . The walking abilities of broilers are characterized into 1 of 6 categories. A gait score of 0 represents a normal bird with excellent walking ability, whereas a bird with a gait score of 5 is incapable of sustained walking due to the severity of the lameness (Kestin et al., 1992; Garner et al., 2002) .
There is a strong and positive correlation between gait score and BW (Kestin et al., 1992; Sørensen et al., , 2000 Su et al., 1999; Venalainen et al., 2006; Brickett et al., 2007) . Walking ability deteriorates with the age of the broiler (Sørensen et al., 2000; Venalainen et al., 2006; Brickett et al., 2007) . Faster growing crosses of commercial broilers have poorer gait scores (Kestin et al., 1992) and lower tibial mineral content (Venalainen et al., 2006) than slower growing crosses of commercial broilers. Gait scores differ among genetic lines of broilers , suggesting that progress could be made by selecting birds with better gait scores, leading to improvements in walking ability.
Male broilers have higher gait scores or poorer walking ability than females. Males also have lower bone ash than females (Brickett et al., 2007) . This difference in walking ability between sexes may be attributed to inadequate mineralization of the bone due to the faster growth rate of males. Feed restricting a fast-growing line of broilers improved tibial mineralization and porosity to the level observed in the tibia of slow-growing broilers, strongly suggesting that growth rate and not genotype was the main contributor to poorer bone quality (Williams et al., 2003) .
Bone density is mass of material per volume of bone and maintaining bone mass is important for bone strength (Rath et al., 2000) . Low bone density increases the risk of fractures (Rath et al., 2000) . During bird processing, an increase in the incidence of broken bone causes the accumulation of fragments in skeletal muscle and is due to higher bone porosity and fragility. Using dual-energy x-ray absorptiometry (DEXA), it was shown that as the bone mineral density (BMD) of the excised tibia decreased in White Leghorns, the incidence of bone breakage increased (r = −0.54, P < 0.05; Mazzuco and Hester, 2005) . The DEXA is a reliable and accurate tool for assessing the mineralization of bones both in vivo and ex vivo (Onyango et al., 2003; Schreiweis et al., 2003 Schreiweis et al., , 2004 Schreiweis et al., , 2005 ; however, conducting scans, especially in live birds, is labor-intensive . Using the toe instead of larger bones such as the tibia would reduce the time involved in scanning.
The objectives of the current study were to determine the relationship between bone mineralization and gait score in 4 crosses of commercial broilers and to ascertain if mineralization of the middle toe is correlated to the tibia.
MATERIALS AND METHODS
A total of 4,800 hatching eggs (1,200 eggs/commercial broiler cross) from 4 commercial broiler crosses (designated as A, B, C, and D) were incubated at Purdue University's hatchery. On the day of the hatch, the males were separated from the females using feather-or vent-sexing. Only male chicks were retained and the female chicks were killed using carbon dioxide gas. One-day-old male chicks were injected subcutaneously in the neck with Marek's vaccine. The 4 crosses of male broiler chicks were randomly assigned to 24 floor pens. A total of 1,440 male hatchlings or 360 male chicks/ commercial cross were housed on littered (hardwood shavings) floor pens. Each of the 4 commercial crosses of male broilers were wing-banded in the right wing and assigned randomly to 6 replicate pens/commercial cross for a total of 24 pens. During brooding, 60 chicks were placed in each pen, resulting in a stocking density of 619 cm 2 /bird. A photoperiod of 20L:4D was used with a light intensity of 5 lx throughout the trial with the exception of continuous higher intensity light of 20 lx the first 2 d of age. At 10 d of age, the chicks were spray-vaccinated with Newcastle disease B1 strain and the Massachusetts-Connecticut strain of infectious bronchitis.
Feed was formulated to meet or exceed nutrient recommendations of NRC (1994) . A crumbled starter diet was fed to 23 d of age followed by a pelleted finisher diet. Feed and water were provided for ad libitum consumption.
At 1 and 2 wk of age, 3 male birds without leg problems were removed from each pen, killed, and used for another study (Hester et al., 2008) . At 4 wk of age, bird numbers were reduced to 44 broilers per pen, allowing for an equal density among pens of 845 cm 2 /bird. To ensure an adequate sample size of lame birds at 6 wk of age, birds that were obviously having problems walking were retained at 4 wk of age and were not included in the group of birds removed from pens to prevent overcrowding.
At 38 and 39 d of age, each chicken was evaluated individually for walking ability and assigned a gait score ranging from 0 to 5 (Garner et al., 2002) . The evaluator performing the gait scoring was blind to the identification of the commercial cross of broiler at the time of assessment. Birds remained in their native pens during gait scoring. The evaluator sat in the hallway on the floor at eye level viewing the back of the bird's legs as each bird walked or ran using a time clock set for 15 s. The evaluator sat in close proximity to the opened door of the pen. Another individual was inside the pen and with the use of a mobile pen divider, the broilers were herded to the side of the pen away from the door opening. Individually, each broiler was allowed to walk the length of the pen in full view of the evaluator, and a gait score was assigned to each bird. Upon completion of gait scoring, 3 male chickens/pen with good walking ability (gait score of 0 or 1) and 3 male chickens/pen with poorer walking ability (gait score of 3) were marked with a small amount of black paint on their back and killed with carbon dioxide gas at 42 d of age. Individual BW was determined. The left humerus, left middle toe, and both tibia with muscle and integument intact were collected from each broiler for a total of 576 bones (6 replicate pens × 3 birds per pen × 4 crosses of commercial broilers × 4 bones × 2 walking ability treatments), refrigerated, and scanned for BMD, bone mineral content (BMC), and bone size traits using DEXA (476D014, Norland Medical Systems, Fort Atkinson, WI). The entire bone was scanned. The scans were initiated at the proximal end of each bone. The wing, drums, or toe were positioned in such a manner as to allow similar orientation of the respective bone for each scan. A moving x-ray generator that produced photons at 2 energy levels was used by the DEXA unit. Flux was measured by a collimated scintillation detector that moved simultaneously on the opposite side of the bone. As the beam passed through the drum, wing, or toe, a filtered photon output produced 2 distinct peaks that distinguished bone from soft tissue generating values for BMD (g/cm 2 ) and BMC (g). From each scan, bone length (mm), width (mm, measured at midlength of the bone), and area (cm 2 ) were also deter-mined. Bone area was a measure of the periosteal surface of the bone. Each bird whose bones were scanned was confirmed to be a male through examination of the gonads. This study was conducted under guidelines approved by the Purdue University Animal Care and Use Committee. A 1-way ANOVA using the mixed model of SAS Institute (2003) was used to test for the commercial cross effect on gait score. Gait scores were analyzed using both angular-transformed as well as untransformed data (Steel et al., 1997) . Because statistical trends were the same for both transformed and untransformed data, the untransformed data are presented in the results. Bone mineralization and bone size traits were statistically analyzed using both an ANOVA as well as an analysis of covariance with BW as the covariate (Steel et al., 1997 ) using the mixed model procedure of SAS Institute (2003) . The whole plot included the fixed effects of commercial cross of bird and gait score. The type of bone (left middle toe, left humerus, and left and right tibia) was also a fixed effect and was used as a subplot within the individual bird. The BW analysis used an ANOVA and included the fixed main effects of commercial cross of bird and gait score. Tukey-Kramer's test was used to partition differences among means (Oehlert, 2000) . A Pearson correlation analysis was performed on gait score, bone, and BW traits (Steel et al., 1997) .
RESULTS
At 38 to 39 d of age, birds of commercial cross C had better gait scores than commercial crosses of A and B but did not differ from cross D (Table 1) . Although gait score differed among commercial crosses of broilers, the BMD, bone length, width, and area and BW were similar among crosses of male broilers at 6 wk of age (Table  1 ). In addition, there were no significant interactions between cross of commercial broiler and gait score or type of bone for BMD and bone size traits. However, commercial cross D broilers had higher BMC than cross B but did not differ from crosses A and C (Table 1) . It was the left tibia of cross D and not the other bones that was higher in BMC ( Figure 1 ).
The BMC of the left middle toe, the left humerus, and the right tibia were similar among the 4 commercial crosses of broilers. The BMC of the left tibia of cross D was higher than the tibial BMC of cross B but did not differ from crosses A or C (bone × commercial cross interaction, P < 0.01, Figure 1 ). When BW was not used as a covariate, BMC was similar among crosses (P = 0.44, data not presented), but the commercial cross × bone interaction remained significant (P < 0.01).
When adjusted for BW, the BMC, bone length, width, and area did not differ between birds with good walking ability (gait score of 0 or 1) and those broilers of poorer walking ability (gait score of 3, Table 2 ). Birds with a gait score of 3 had a higher BMD (P < 0.05) and BW (P < 0.001) than males with a gait score of 0 or 1. When BW was not used as a covariate, the ANOVA showed that BMD, BMC, bone width, and bone area, but not bone length, were significantly higher in birds Within a column, least squares means with no common superscripts are significantly different. 1 Gait score range of 0 to 5 adapted from Garner et al. (2002) . A gait score of 0 indicates no degree of impairment, with 5 reflecting complete lameness. Values represent the mean of 247 to 259 birds/commercial cross of broiler. Gait scores were determined when birds were 5.5 wk of age.
2 Values represent the least squares means of 144 observations averaged across bone (left humerus, left middle toe, and both tibia) and 2 gait scores.
3 Values represent the least squares means of 36 birds averaged across 2 gait scores. with gait scores of 3 than in broilers with a gait score of 0 or 1 (Table 2) .
Using the data for all 4 commercial crosses of broilers, the correlation between gait score and BMD was 0.11 (P = 0.007; Table 3 ). Within a commercial cross of broiler, the correlation between gait score and BMD was not significant except for cross D (r = 0.19, P = 0.03). Thus, with cross D, a positive association between BMD and gait score was apparent, indicating that as the bird's walking ability improved, bone mineralization decreased. Gait score was not related to BMC or any of the bone size traits (Table 3) . Within a bone, gait score was positively correlated with BMD of the right (r = 0.30, P = 0.0003) and left tibia (r = 0.31, P = 0.0001) and toe (r = 0.29, P = 0.0004), but not the humerus (r = 0.15, P = 0.08). A stronger correlation was apparent between gait score and BW. For all 4 commercial crosses of birds, the correlation between gait score and BW was 0.38 (P < 0.001; Table 3), which was consistent with the results of the correlation analysis when done within each cross (data not presented). Thus, lighter birds have better walking ability or improved gait scores. Bone mineralization was positively correlated with BW (r = 0.14, P < 0.001 for BMD and r = 0.13, P < 0.01 for BMC, Table 3 ).
The BMC was higher in the left tibia of broilers with a gait score of 3 (indicative of poorer walking ability) as compared with those with a gait score of 0 or 1, representative of good walking ability (Figure 2 ). The BMC of the toe, humerus, and right tibia did not differ between birds with a gait score of 0 to 1 as compared with broilers with a gait score of 3 (gait score × bone interaction, P < 0.0001).
The BMD and BMC were lowest for the middle toe when compared with the humerus and both tibia. The BMD, BMC, and bone size traits were similar between the left and right tibia. The left humerus BMD was higher than the left tibia but not the right tibia. Because of its smaller size, the left humerus BMC was lower than the BMC of both tibia (Table 4) .
Of interest were the high correlations for BMD between the left toe and the left tibia (r = 0.91, P < 0.0001) and the right tibia (r = 0.87, P < 0.0001; Table  5 ). The correlations for BMC between the left toe and the left tibia (r = 0.44, P < 0.0001) and the right tibia (r = 0.39, P < 0.0001; Table 5 ) were not as high as with BMD.
DISCUSSION
Gait scores of male broilers of the current study (Table 1) were similar to those reported by Kestin et al. (1999) , who compared 4 commercial crosses of broilers at 35 d of age using a scale of 0 to 5. Using both sexes, their reported gait scores ranged from 1.43 to 1.98 (P < 0.05). Because the current study used only males and gait scores were similar to those of Kestin et al. (1999) , who used both sexes, perhaps breeders have made progress since 1999 in improving the walking ability of broilers. In addition, the gait scores of the Table 2 . Bone traits and BW of broilers with a gait score of 0 or 1 (good walking ability) and a gait score of 3 (poorer walking ability) Within a column, least squares means with no common superscripts are significantly different. 1 Values represent the least squares means of 288 observations averaged across bone (left humerus, left middle toe, and both tibia) and the 4 commercial crosses of broilers.
2 Values represent the least squares means of 72 birds averaged across the 4 commercial crosses of broilers. 3 Of those broilers categorized with a gait score of 0 or 1, 16.7% (12/72) had a gait score of 1.
Figure 2.
The bone mineral content (BMC) of the left middle toe, left humerus, and the left and right tibia of 6-wk-old male commercial broilers with good walking ability (gait score of 0 or 1) as compared with broilers with a poorer walking ability (gait score of 3). Each value represents the least squares means of 72 observations. The BMC values were adjusted for BW. Within the left tibia, least squares means with no common letters are significantly different. current study were biased toward poorer gaits due to retention of lame birds at 4 wk of age when bird numbers were reduced to allow for more space allocation. The mean gait scores for Ross 308 broilers at 11, 18, 25, and 32 d of age when averaged across treatments were less than 1, but half of the birds examined for walking ability were females (Brickett et al., 2007) . Because females have lower gait scores than males (Venalainen et al., 2006; Brickett et al., 2007) , the lower gait score means reported by Brickett et al. (2007) as compared with our study were to be expected. In addition, the oldest broiler examined in the study of Brickett et al. (2007) was 32 d, which was 1 wk earlier than the gait scores conducted on broilers of the current study. It is well known that gait scores increase as birds become older (Sørensen et al., 2000; Venalainen et al., 2006; Brickett et al., 2007) .
Although gait score differed among the 4 crosses of commercial broilers, the BMD and bone size traits were similar among crosses (Table 1) , which agrees with our previous study in which 4 commercial crosses of broilers were compared (Talaty et al., 2009) . Not all of the 4 crosses compared in the study of Talaty et al. (2009) were the same as the ones used in the current study. The only exception where cross of commercial broiler did have an effect on bone traits was with the BMC of cross D, which differed from cross B but not from crosses A and C (P < 0.03; Table 1 ).
With the exception of BMD, in which broilers with poorer walking ability (gait score of 3) had higher tibial BMD than those with good walking ability (gait score of 0 or 1), all other bone traits (including BMC) did not differ between birds of these 2 gait score categories using BW as a covariate (Table 2) . However, removing the covariate of BW from the statistical model resulted in higher BMD, BMC, bone width, and bone area for male broilers with poorer walking ability (gait score of 3) as compared with those with good walking ability (gait score of 0; Table 2 ). Within a commercial cross of broiler and using BW as a covariate, the correlation between gait score and BMD was not significant except for the birds of cross D. Male broilers of cross D with better walking ability had decreased bone mineralization (r = 0.19, P = 0.03). We believe that the association between BMD and gait score is weak and is mainly due to BW differences between birds categorized with a gait score of 0 or 1 compared with the birds that fell into the category of a gait score of 3. Our reasons for considering this a weak association are 4-fold: 1) lighter male broilers had better gait scores than heavier birds (r = 0.38, P < 0.001; Table 3 ); 2) even though gait scores were different among the 4 crosses of commercial broilers, BMD and bone size traits were the same among crosses (Table 1) ; 3) although BMC did differ among commercial crosses of broilers when BW was used as a covariate (Table 1) , BMC as well as bone size traits had no relationship with gait score (see correlations in Table 3 ); and 4) the positive correlation between BMD and gait score was significant only for cross D birds and not the other 3 crosses of commercial broilers. It is well known that larger birds have higher BMD and BMC than smaller birds (Schreiweis et al., 2005) . Because the broilers of the current study with a gait score of 3 (poorer walking ability) were heavier than those with a gait score of 0 or 1 (good walking ability), our conclusion is that BW was the main factor that contributed to the association between BMD and gait score. Other studies have reported that gait scores are not related to bone strength, ash, radiographic density, and bone size traits of weight, length, and width (Yalcin et al., 1998; Bizeray et al., 2002; Venalainen et al., 2006) . Because there was a stronger correlation between gait score and BW for all 4 commercial crosses of broilers (r = 0.38, P < 0.0001; Table 3 ), it is believed that the low association between gait score and bone mineralization for cross D was mainly due to BW. Strong and positive correlation between gait score and BW have been reported previously (Sørensen et al., , 2000 Su et al., 1999; Venalainen et al., 2006; Brickett et al., 2007) . Birds with a gait score of 3 (poorer walking ability) were able to access the feeders and drinkers as indicated by the 6-wk BW of 3.29 kg, which was significantly heavier than the controls ( Table 2 ). The few birds with gait scores of 4 and 5 were not scanned in the current study because many of them had trouble accessing the feeders and drinkers, and this would have resulted in lower bone mineralization due to lack of adequate nutrient intake of calcium, phosphorus, and vitamin D.
Bird symmetry was noted in that the right and left tibia were similar in bone mineralization and size traits (Table 4 ). The high correlations between the tibia and toe for BMD (Table 5) suggest that the toe could be used to assess mineralization of leg bones, thus reducing time needed for scans. However, Huff (1980) cautioned that bone ash between the toe and tibia does not always respond the same to experimental treatments.
In conclusion, BMD at 6 wk of age were similar among the 4 crosses of commercial broilers. Bone mineralization had little influence on the walking ability of birds with a gait score of 3. In addition, if BMD evaluation is needed for broiler flocks, the toe instead of the tibia can be used to assess bone mineralization status. Because the toe is a smaller bone, scans can be done in approximately half the time. 
